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Summary - The nematicidal activity of the spore-crystal mixtures of three Bacillus thuringiensis isolates against hatched juveniles
and adlÙts of Caenorhabditis elegans was investigated. Toxicity was detennined bl' adding 50-f.L! aliquots of the spore-crystal mixtures
to microtitre plate wells containing 50-f.l.1 aqueous suspensions of 200-400 hatched juveniles and adults of C. elegans. Nematode
mortality was observed from 8 hours incubation onwards; after 24 hOUTS incubation no more significant increases in nematode
mortality occurred. Nematode mortality varied from about 50 to 60 % when the nematicidal activity was tested in distilled water and
was usually somewhat higher (but less than 10 %) when tested in axenic medium. Toxicity varied between the three isolates.
Concentrations of at least 108 particles/ml were necessary to cause a nematode mortality higher than 30 %. Nematicidal activity was
ooll' observed when spore-crystal mixtures from at least 2-day-old ClÙtureS, consisting of about 50 % of vegetative cells, often
containing a spore, and for about 50 % of a mixture of spores and crystals, were used. Heating to 75 oC and higher for 24 hours and
autoclaving at 120 oC for 20 min destroyed the nematicidal activity of all three isolates. Differences in stability of the nematicidal
activity were observed between the three isolates. In two isolates the nematicidal activity did not decline after storage at 28 oC for
15 days; in the third isolate the nematicidal activity declined after storage at 28 oC for 7 days. MlÙtiple freezing at - 20 oC or - 70 oC
and thawing had no effect on the nematicidal activity of two isolates but decreased the nematicidal activity of the third isolate. pH
changes resulted in differences in stability of the nematicidal activity between the three isolates. These results may indicate the
presence of different toxins.
Résumé - Activité nbnaticide de trois isolats de Bacillus thuringiensis - L'activité nématicide de mélanges de spores et
d'inclusions cristallines de trois isolats de BG.(;illus thul1'ngiensis envers les juvéniles et les adultes de Caenorhabditis elegans est étudiée.
La toxicité est déterminée en ajoutant 50 f.l.l d'un mélange de spores et d'inclusions cristallines à 50 f.l.l d'une suspension de 200 à
400 juvéniles et adultes de C. elegans. La mortalité des nématodes est observée aprés 8 heures d'incubation; aucune augmentation
significative du pourcentage de mortalité n'est observée après 24 heures d'incubation. Ce pourcentage varie d'environ 50 à 60 %
lorsque les tests sont réalisés avec de l'eau distillée et il augmente légèrement (moins de 10%) si les tests sont effectués en milieu
axénique. La toxicité varie selon les isolats. Un minimum de 108 particules/ml est nécessaire pour provoquer un effet létal supérieur à
30 %. L'activité nématicide n'est observée qu'avec des mélanges de spores et d'inclusions cristallines provenant de clÙtures âgées
d'au moins 2 jours et constituées d'environ 50 % de celllÙes végétatives - contenant souvent une spore - et d'environ 50 % d'une
mixture de spores et d'inclusions cristallines. Le chauffage à 75 oC ou plus pendant 24 heures ou un autoclavage à 120 oC pendant
20 minutes détruit l'activité nématicide des trois isolats. Des différences de stabilité de l'activité nématicide sont observées entre les
trois isolats. Celle-ci ne diminue pas pour deux isolats maintenus à 28 oC durant quinze jours, mais elle diminue pour le troisième s'il
est stocké sept jours à 28 oc. De même, l'activité nématicide de deux des isolats n'est pas modifiée après plusieurs congélations à
- 20 oC ou - 70 oC suivies de décongélations, mais eUe diminue pour le troisième isolat. Les variations du pH des mélanges de
particules entraînent des variations dans la stabilité des activités nématicides des trois isolats. Ces réslÙtats pourraient indiquer la
présence de toxines différentes.
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Bacillus lhuringiensis Berliner is a bacterium which
produces several insecticidal metabolites (Lüthy el al.,
1985). The a-exotoXÎI1 is a protein which is toxic upon
injection into insects and mice (Krieg, 1971). The r3-
exotoxin, also called thuringiensin, is a nucleotide se-
creted by the vegetative cells of several isolates. It is
active not ooly against invertebrates but also against
vertebrates (Sebesta el al., 1981). However, the ô-endo-
toxins or insecticidal crystal proteins have made B. lhu-
ringiensis known worldwide as a biological control agent
(Lambert & Peferoen, 1992). These proteins are pro-
duced within the cytoplasm during sporulation. Today,
a wide range of biopesticides based on the ô-endotoxins
are available for the control of agricultural insect pests.
Also, insect-resistant transgenic tobacco, tomato, pota-
ta, cotton and maize plants have been developed by
transfer of the genes coding for the inseeticidal crystal
proteins from B. lhun'ngiensis into the plant genomes. So
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far, the nucleotide sequences of 24 different genes have
been described each encoding for proteins with a very
specific insecticidal activity. Based on their specrrum of
insecticidal activity the crystal proteins are classified in
four classes: Cry l (active against Lepidoptera), Cry II
(Lepidoptera and Diptera), Cry III (Coleoptera) and
Cry IY (Diptera). Recently, two new classes of nema-
tode-active crystal proteins, Cry Y and Cry YI, were
added (Feitelson el al., 1992).
Nematostatic or nematicidal effects of the l3-exotoxin
on free-living (Panagrellus redivivus and Aphelenchus
avenae), plant-parasitic (Meloidogyne incognita and Hele-
rodera glycines) and zoo-parasitic (T11choslrongylus co-
lubnformis and Nipposlrongylus bmsiliensis) nematodes
have been reported (Gevrey & Euzeby, 1966; Prasad el
al., 1972; Ignoffo & Dropk.in, 1977; Bone, 1989; Noel,
1990).
Nematicidal effects of several commercial B. lhun'n-
giensis preparations on plant-parasitic (Meloidogyne ja-
vanica and Tylenchulus semipenelmns) and zoo-parasitic
(T. colubnformis and N. bmsiliensis) nematodes have also
been reported (Osman el al., 1988; Bone, 1989). These
preparations only contain ù-endotoxins. Recently, in a
series of patent applications by Mycogen Corporation,
San Diego, U.S.A., several ù-endotoxins with nemat-
icidal activity against juveniles and adults of Caenorhab-
dilis elegans, P. redivivus and Pmlylenchus spp. were
claimed (see e.g. Edwards el al., 1989; Narva el al.,
1991).
Nematicidal activity of natural strains ofB. lhunngien-
sis was mainly observed against the eggs and, exception-
ally, the first three juvenile stages ofzoo-parasitic nema-
todes, including T. colubnformis, N. bmsiliensis,
AncyloslOma caninum, Haemonchus contonus, Coopen"a
punClala, Coopen"a oncophom and OSlenagia oSlenagi
(Ciordia & Bizzell, 1961; Borrjer el al., 1985; Meadows
el al., 1989 a, b) and two free-living nematodes, Caeno-
rhabdilis bnggsae and Turbalnx aceti (Bottjer el al., 1985;
Meadows el al., 1990).
The susceptibility of nematode eggs and juveniles to
the B. lhunngiensis toxins (Bottjer el al., 1985; Meadows
el al., 1990), the effect of the toxins on the morphology
of the nematode egg-shell and juvenile (Bone el al.,
1985, 1987; Bottjer & Bone, 1987; Wharton & Bone,
1989) and several factors influencing the activity of the
toxins (Borrjer el al., 1985; Bone el al., 1985, 1987;
Bone & Coles, 1987; Bone el al., 1988; Meadows el al.,
1989 a, b, 1990) were studied. A fraction with ovicidal
activity against eggs of T. colubriformis was isolated from
crystals of B. lhunngiensis israelensis (Bone el al., 1986).
Screening of B. lhunngiensis isolates from the PGS
collection for nematicidal activity on juveniles and adults
of C. elegans, a bacteriophagous nematode, resulted in
the identification of two nematicidal isolates. In the pre-
sent study, the effects of incubation time, particie con-
centration, bacterial culture age, temperature, pH and
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multiple freezing and thawing on the nematicidal activ-
ity of the spore-crystal mixtures of the nematicidal B.
lhun'ngiensis isolates were investigated.
Materials and methods
PREPARATION OF SPORE-CRYSTAL MIXTURES
Bacillus lhunngiensis isolates, obtained from the PGS
collection stored in 25 % glycerol at - 70 oC, were grown
on 400 ml CBI (Culturing Bacillus Isolates) medium in
2-1 Erlenmeyer flasks on a rotary shaker Cl 00 rpm) at
28 oC for 5 to 7 days. Composition of the CEl medium:
bacto-peptone 7.5 g; glucose 1 g; KH2P04 3.4 g;
K 2HP04 4.35 g; distilled water to 1 1. After adjustment
to pH 7.2 and sterilization at 120 oC for 20 min, two
salts solutions were added: MgSO..7H20 2.46 g;
MnSO..H 20 0.04 g; ZnSO..7H20 0.28 g; FeSO..7H20
0.4 g; distilled water to 100 ml and CaCI2'2H20 3.66 g;
distilled water to 100 ml. The two salts solutions were
first ftlter-sterilized (0.2 f.lm). Upon lysis, vegetative
cells, spores and crystals were harvested by centrifu-
gation (3000 rpm) for 15 min. The pelleted particles,
mainly consisting of spores and crystals, were resus-
pended in PBS (NaCI8 g; KCI 0.2 g; Na2HP04 1.15 g;
KH2HP04 0.2 g; distilled water to 1 1; pH 7-8) and
stored in concentrations of 2 109 particles/ml at - 20 oC
until use.
NEMATICIDAL BIO-ASSAY
Nematicidal activity of the spore-crystal mixtures was
determined by adding 50-f.ll aliquots of the mixtures to
microtitre plate wells containing 50-f.l1 aqueous suspen-
sions (distilled water) of 200-400 juveniles and adults of
Caenorhabditis elegans. Control wells consisted of 50-J-.d
aqueous nematode suspensions supplemented with
50 f.ll PBS. Nematodes were obtained from axenic cul-
tures on soy-peptone and yeast extract supplemented
with haemoglobin. The axenic cultures were kept at
20 oC and subcultured weekly. The nematode suspen-
sions also contained streptomycin (30 f.lglml) and chlo-
ramphenicol (30 f.lglml) to prevent bacterial growth.
The microtitre plates were incubated at 28 oC for 24 h
to determine the nematicidal activity. Nematode mortal-
ity was expressed as the mean percentage of dead venus
live nematodes after substraction of the nematode mor-
tality observed in the control wells. Each treatment was
replicated three rimes.
For ail experiments, the procedures described above
were used, except when mentioned otherwise.
Firstly, spore-crystal mixtures of 128 B. lhunngiensis
isolates were tested for their nematicidal effect on juve-
niles and adults of C. elegans. The isolates were distribu-
ted over seven batches each consisting of fifteen to twen-
ty isolates.
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EFFECT OF INCUBATION TIME
ON NEMATICIDAL ACTIVITY
The effect of incubation time on the nematicidal ac-
tivity of the spore-crystal mixtures of the B. lhuringiensis
isolates 289A and 958B and the nematicidal isolare
NRRL repository No. B-18247 (obtained from North-
em Research Laboratory, U.S. Departmenr of AgricLÙ-
ture, Peoria, Illinois, U.S.A. - abbreviated as isolate
18247 further in the text; Bames & Edwards, 1989) was
determined. In a first experiment, the nematicidal bio-
assay was carried out as described above and nematode
mortality determined after 1, 2, 4, 8, 16, 24, 32 and
48 hours. In a second experiment, 50-f.L1 aliquots of the
mixtures were added to microtitre plate wells containing
juvenile and adult nematodes in either 50 f.Ll distilled
water or axenic culture medium. The microtitre plates
were incubated at 28 oC and nematode mortality deter-
mined after l, 3 and 6 days.
EFFECT OF PARTICLE CONCENTRATION
ON NEMATICIDAL ACTIVITY
The effect of particle concentration on the nemat-
icidal activity of the spore-crystal mixtures of the B.
thuringiensis isolates 289A, 958B and 18247 was eval-
uated by dose-response analysis. In a first experimenr,
50-f.Ll aliquots of the mixtures at a concentration of 107,
108,2.5 108,5 108,7.5 108, 109, 1.5 to 2.5 109 (isolate
289A: 1.5 109 ; isolate 958B : 2 109 ; isolate 18247: 2.5
109) or 10 '0 particles/rnl were added ta microtitre plare
wells containing juvenile and adLÙt nematodes in 50 f.Ll
distilled water. The microtitre plates were incubared at
28 oC and nematode mortality determined after
24 hours. In a second experimenr, 50-f.Ll aliquots of the
mixtures at a concentration of 107 or 109 particles/rnl
were added to microtitre plate wells conraining juvenile
and adLÙt nematodes in 50 f.Ll axenic culture medium.
The microtitre plates were incubated at 28 oC and ne-
matode mortality determined after 1, 3 and 7 days.
EFFECT OF BACTERlAL CULTURE AGE
ON NEMATICIDAL ACTIVITY
The presence of the nematicidal activity during vege-
tative growth and sporulation of the B. thuringiensis iso-
lates 289A, 958B and 18247 was investigated, Vegeta-
tive ceUs, spores and crystals were harvested daily
during 9 days. The nematicidal activity of the spore-
crystal mixtures was determined after incubation at
28 oC for 24 h, The appearance of vegetative cells,
spores and crystals in the cultures was observed by
phase-contrast microscopy.
EFFECT OF STORAGE TIME AT 28 oC
ON NE1\1ATICIDAL ACTIVITY
The stability of the nematicidal activity of the spore-
crystal mixtures of the B. thuringiensis isolates 289A,
958B and 18247 at an ambienr temperature of 28 oC
was investigated. The mixtures were first treated with
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the enzyme inbibitor phenylmethylsulfonylfluoride
(PMSF) at a final concentration of 0.1 mM and stored
again at - 20 oc. After thawing, the mixtures were in-
cubared at 28 oC for 0, 2, 5, 7, 9, 12 or 15 days. The
nematicidal activity of the spore-crystal mixtures was
determined after incubation at 28 oC for 24 h. As an
additional control, juvenile and adult nematodes were
also exposed to spore-crystal mixtures which were not
pretreated with PMSF, not stored and only frozen once.
EFFECT OF TEMPERATURE
ON NEMATICIDAL ACTIVlTY
The effect of temperature on the stability of the ne-
maticidal activity of the spore-crystal mixtures of the B.
thuringiensis isolates 289A, 958B and 18247 was in-
vestigated. The mixtures were flYst incubated at 4, 10,
19,28,37,46,60,75 or 95 oC for 24 h or autoclaved at
120 oC for 20 min, After cooling to room temperature,
the nematicidal activity of the spore-crystal mixtures
was deterrnined after incubation at 28 oC for 24 h. As an
additional control, juveniles and adule nematodes were
also exposed to untreated spore-crystal mixtures.
EFFECT OF pH ON NEMATIClDAL ACTIVITY
The effect of pH on the stability of the nematicidal
activity of the spore-crystal mixtures of the B. thurin-
giensis isolates 289A, 958B and 18247 was evaluated.
250-f.Ll aliquots of the isolates 289A, 958B and 18247
conraining vegetative cells, spores and crystals were har-
vesred by centrifugation (13 000 rpm) for 5 min. In a
flYst experimenr, the pelleted particles of all three iso-
lates, mainly consisting of spores and crystals, were re-
suspended in 500 f.L1-aliquots of 20 mM citrate buffer
(pH 2.5, 3, 4 or 5), 20 mM Tris-HCl buffer (pH 6, 7, 8
or 9) or 20 mM carbonate buffer (pH 10) and incubat-
ed at 4 oC for 3 days. After centrifugation (13 000 rpm)
for 5 min, the pellets were first washed twice in 500 f.Ll
PBS and resuspended in 250 f.Ll PBS. 50-f.Ll aliquots of
the mixtures were added to microtitre plate wells con-
taining juvenile and adult nematodes in 50 f.Ll axenic
culture medium and the nematicidal activity determined
after incubation at 28 oC for 24 h. As an additional con-
trol, the juvenile and adLÙt nematades were also exposed
to spore-crystal mixtures incubated flYst in PBS at 4 oC
for 3 days and ta untreated spore-crystal mixtures. In
the second experiment, the pelleted particles of the iso-
lates 289A and 18247 were resuspended in 500 f.Ll-ali-
quots of 20 mM citrate buffer (pH 2.5 or 5), with or
without 0,1 mM PMSF, or 20 mM Tris-HCl buffer
(pH 7 or 9), with or without 0.1 mM PMSF, and in-
cubated at 4 oC for 3 days. After centrifugation
(13 000 rpm) for 5 min., the pellets were flYst washed
twice in 500 f.LI PBS and resuspended in 250 f.LI PBS.
50-f.LI aliquots of the mixtures were added to microtitre
plate wells conraining juvenile and adult nematodes in
50 f.LI axenic cLÙture medium and the nematicidal activ-
ity determined after incubation at 28 oC for 24 h. As an
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additional control, the juvenile and adult nematodes
were exposed ta untreated spore-crystal mixtures. In
both experiments, the B. thuringiensis isolate 302AE,
which shows no nematicidal activity against juveniles
and adults of C. elegans, was also included as an addi-
tional control.
EFFECT OF MULTIPLE FREEZtNG AND THAWING
ON NEMATICIDAL ACTTVlTY
The effect of multiple freezing and thawing on the
stability of the nematicidal activity of the spore-crystal
mixtures of the B. thun'ngiensis isolates 289A, 958B and
18247 was determined. The mixtures were thawed dur-
ing 15 min. in a water bath at 28 oC and then frozen
again at either - 20 oC or - 70 oc. This procedure was
repeated 2, 4, 6, 8, or 10 rimes. After thawing, the ne-
maticidal activity of the spore-crystal mixtures was de-
termined after incubation at 28 oC for 24 h. As an addi-
tional control, juvenile and adult nematodes were also
exposed to spore-crystal mixtures which were only once
frozen and thawed.
Results
NEMATICIDAL BIO-ASSAY
109 (85.2 %) of the 128 B. thuringiensis isolates tested
caused no or less than 10 % mortality of the juveniles
and adults of C. elegans while the spore-crystal mixtures
of sixteen (12.5 %) isolates caused between 10 and 20 %
mortality. Exposure to the isolates 289A, 18247 and
958B resulted in 21, 47 and 59 % mortality, respectively.
EFFECT OF INCUBATION TIME
ON NEMATICIDAL ACTIVlTY
In the first experiment, no mortality was observed
during the first 4 h. Between 8 and 24 h, the mortality
caused by isolate 18247 increased from 27 to 57 % while
between 16 and 24 h, the mortality caused by the iso-
lates 289A and 958B increased from 28 to 50 % and
from 34 to 53 %, respectively. From 24 h onwards, no
more significant increases in mortality were observed. In
the second experiment, the mortality caused by the iso-
lates 289A, 18247 and 958B increased between 1 and
6 days from 41 ta 62 %, from 57 to 62 % and from 58 to
61 %, respectively, when tested in distilled water and
from 44 to 59 %, from 64 to 71 % and from 59 to 68 %,
respective!y, when tested in axenic culture medium. The
increase in mortality in both distilled water and axenic
culture medium was higher in isolate 289A compared
with the isolates 18247 and 958B, about 15-20 vs 6-7 %
and 3-9 %, respectively. For ail isolates, the mortality
was usually somewhat higher (but less than 10 %) in
axenic culture medium compared with distilled water. In
the control wells containing either distilled water or ax-
enic culture medium, the nematode mortality increased
between 1 and 6 days from lOto 28 % and from 5 to
10 %, respectively.
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EFFECT OF PARTICLE CONCENTRATION
ON NEMATICIDAL ACTIVITY
In the first experiment, no mortality was observed at a
concentration of 107 partides/ml. At a concentration of
108 partides/ml, the mortality caused by isolate 958B
was 30 %. Concentrations of 5 108 and 7.5 108 particles/
ml of the isolates 18247 and 289A, respectively, were
necessary to cause a mortality higher than 30 %. In the
second experiment, ail isolates caused less than 15 %
mortality after 1 or 3 days at a concentration of 107 par-
tides/ml. At a concentration of 109 particles/ml, the
mortality was 45, 46 and 53 % for the isolates 18247,
289A and 958B, respectively, after 1 day. After 7 days,
the mortality caused by the isolates 18247, 289A and
958B at a concentration of 107 partides/ml has increased
ta 9, 17 and 26 %, respectively, compared with 55, 67
and 78 %, respectively, at a concentration of 109 parti-
des/ml.
EFFECT OF BACTERIAL CULTURE AGE
ON NEMATICIDAL ACTIVlTY
After 1 day, ail isolates caused no or less than 10%
mortality. At that time, the cultures consisted only of
vegetative cells. 25 % of the cells of isolate 289A con-
tained a spore. After 2 days, exposure to the isolates
289A, 958B and 18247 resulted in 39, 51 and 66 %
mortality, respectively. At that time, the cultures consist-
ed for about 50 % of vegetative ceUs, often containing a
spore, and for about 50 % of a mixture of spores and
crystals. From 2 days onwards, no more significant in-
creases in mortality were observed.
EFFECT OF STORAGE TIME AT 28 oC
ON NEMATICIDAL ACTIVlTY
The nematicidal activity of the isolates 18247 and
958B did not dedine after starage at 28 oC for 15 days
(Fig. 1). The mortality caused by the additional control
mixtures was 56 % for both isolates 18247 and 958B.
The nematicidal activity of isolate 289A declined from
30 to 5 % after storage at 28 oC for 7 days. The mortality
caused by the additional control mixture of isolate 289A
was 42 %.
EFFECT OF TEMPERATURE
ON NEMATICIDAL ACTIVlTY
Heating from 4 oC to 46 oC for 24 h had no effect on
the nematicidal activity of any of the three isolates
(Fig. 2). Heating to 75 oC and higher for 24 h or auto-
daving at 120 oC for 20 min destroyed the nematicidal
activity of ail three isolates. The nematicidal activity of
the isolates 958B and 289A was lost between 46 oC and
60 oc. In isolate 18247, the nematicidal activity was lost
between 60 oC and 75 oc. Untreated spore-crystal mix-
tures of the isolates 289A, 958B and 18247 caused 34,
67 and 67 % mortality, respectively. Spore-crystal mix-
tures of isolate 289A, incubated from 4 oC ta 37 oC
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Fig. 1. Stability of Ihe nemalicidal aetivity of Ihe Bacillus thu-
ringiensis isolales 289A) 958B and 18247 againsl halched juve-
niles and adults ofCaenorhabditis elegans after differenl slOrage
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24 h imubation.
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Fig. 3. Effeet of pH on Ihe nemalicidal aaivity of Ihe Bacillus
thuringiensis isolales 289A) 958B and 18247 againsl hatehed
Juveniles and adults of Caenorhabditis elegans. Nemalode mor-
tality measured al 28 oC after 24 h imubation.
activity of isolate 958B was not affected after incubation
in the citrate and Tris buffers at pH 2.5 to 9. Only
incubation in carbonate buffer at pH la resulted in a
29 % decrease in mortality compared with the untreated
spore-crystal mixture. Incubation of the isolates 18247
and 958B in PBS remained without effect on their ne-
maticidal activity while incubation of isolate 289A in
PBS resulted in a 27 % decrease in mortality compared
with the untreated mixture. In the second experiment,
incubation of isolate 18247 in citrate buffer at pH 2.5
and 5 resulted in about 20 % loss of mortality compared
with the untreated spore-crystal mixtures (Fig. 4). Ad-
dition ofPMSF prevented the loss of mortality at pH 2.5
but not at pH 5. Mortality caused by isolate 18247 was
not affected after incubation in Tris buffer at pH 7 and
9. Incubation of isolate 289A in the buffers caused a
l- 289A 958B _ 18247
Fig. 4. Effeet of pH on Ihe nemalicidal culivity of Ihe Bacillus
thuringiensis isolales 289A and 18247 againsl hatehedjuveniles
and adults of Caenorhabditis elegans. Spore-crystal mixtures
were resuspended in Ihe lmffers with or withoul PMSF. NemalOde
mortality measured al 28 oC after 24 h incubation.
Fig. 2. Effeet of lemperature on Ihe stability of Ihe nemalicidal
aetivity of lhe Bacillus thuringiensis isolates 289A, 958B and
18247 againsl halched Juveniles and adults of Caenorhabditis
elegans. NemalOde mortality measured al 28 oC after 24 hours
incubation.
caused 16-21 % higher mortality compared with the un-
treated mixtures.
EFFECT OF pH ON NEJ'.1.ATICIDAL ACTIVITY
In the ftrst experiment, the nematicidal activity of
isolate 18247 remained unaffected after incubation in
Tris buffer at pH 6 to 9 (Fig. 3). Incubation in citrate
buffer at pH 2.5 to 5 and in carbonate buffer at pH la
caused a 20 to 43 % and 50 % decrease, respective1y, in
mortality compared with the untreated spore-crystal
mixtures. The nematicidal activity of isolate 289A de-
creased with increasing pH. From pH 7 onwards, isolate
289A no longer caused any mortality. The nematicidal
Nematode mortaliry (%)
/? --- -PH=2.5
100 pH=5.0
2.89A _18247
pH=7.0 pH=9.0
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decrease in mortality with increasing pH. Addition of
PMSF prevented the loss of mortality at aU pH levels. In
both experiments, isolate 302AE caused no mortality
after incubation of the spore-crystal mixtures in the
buffers at aU the pH levels tested.
EFFECT OF MULTIPLE FREEZING
AND THAWING ON NEMATIClDAL ACTIVlTY
Multiple freezing at - 20 oC or - 70 oC and thawing
had no effect on the nematicidal activity of the isolates
289A and 958B but decreased the nematicidal activity of
isolate 18247. After ten times freezing, either at - 20 oC
or - 70 oC, and thawing, the mortality caused by isolate
18247 was 22 and 25 %, respectively, compared with 44
and 63 %, respectively, after one time freezing and
thawing.
Discussion
Our data conftrm the existence of B. lhuringiensis iso-
lates with nematicidal activity against hatched juvenile
and adult nematodes. Previously, nematicidal activity of
B. lhuringiensis israelensis against 1st-stage juveniles of
T. colubriformis that had hatched from their egg-shells
(Bone et al., 1988), of B. thuringiensis kurstaki against
1st-, 2nd- and 3rd- stage juveniles of T. colubriformis
(Meadows et al., 1989 a) and of B. thuringiensis israelen-
sis, B. t. kurstaki and B. 1. morrisoni against juveniles and
adults of Turbalrix aceti (Meadows et al., 1990) has been
reported.
The frequency of occurrence of B. thuringiensis iso-
lates with nematicidal activity against hatched juveniles
and adults of C. elegans was low. Apparently, B. thu-
n'ngiensis isolates with ovicidal activity occur more fre-
quently : aU 30 B. lhuringiensis isolates tested by Bottier
el al. (1985) showed ovicidal activity against eggs of T.
colubriformis.
In our experiments, a differential susceptibility be-
tween different nematode stages for the nematicidal ac-
tivity of B. thuringiensis isolates was observed: only
hatched juvenile and adult nematodes were killed; no
ovicidal activity was observed (data not presented). A
similar differential susceptibility was also reported by
Bottier el al. (1985) who observed activity of B. 1. is-
raelensis against the eggs of T. colubriformus and N. brasi-
liensis but not against the 3rd-stage juvenile and adult
nematodes. In contrast, no such differential susceptibil-
ity was observed by Bone et al. (1988) and Meadows el
al. (1989 a) who reported that B. 1. israelensis, B. 1.
kUTslaki and B. 1. rnorrisoni were lethal for as weU the
eggs as the 1st-, 2nd- and 3rd-stage juveniles of T. co-
lubriformis. The ovicidal activity of B. 1. israelensis, B. 1.
kurstaki and B. 1. rnorrisoni against T. aceli was not tested
(Meadows et al., 1990).
The presence of the nematicidal activity during vege-
tative growth and sporulation of B. t. israelensis against
eggs of T. colubriformis (the 1st-stage juveniles were not
included in this test) was also investigated by Bone el al.
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(1988) but only from day two onwards. As in our exper-
iments, the nematicidal activity remained similar during
the 7 days of culturing.
In our experiments, the antibiotics streptomycin and
chloramphenicol had no effect on the nematicidal activ-
ity of the B. lhuringiensis isolates tested. In contrast, the
same antibiotics reduced or eliminated the ovicidal ac-
tivity of, respectively, the B. t. israelensis and the B. t.
kurstaki toxins (Bone el a!., 1988; Meadows el al.,
1989a).
Analysis of the effects of the different conditions test-
ed on the nematicidal activity of the three B. lhun'ngiensis
isolates revealed differences between the isolates which
may indicate the presence of different toxins. Usually,
the hatched juvenile and adult nematodes were more
susceptible to the nematicidal activity of the B. lhu-
ringiensis isolates 18247 and 958B compared with isolate
289A. A similar differential susceptibility within a nema-
tode species was also reported by Meadows el al. (1990)
who observed that the population growth of T. aceli was
reduced more by toxines) from B. 1. israelensis compared
with those from B. 1. kurstaki and B. 1. morrisoni. Also,
compared with the other B. lhuringiensis isolates tested,
the nematicidal activity of isolate 18247 aeted somewhat
faster while the nematicidal activity of isolate 958B oc-
curred at slightly lower particle concentrations. More
obvious, however, were the observed differences in sta-
bility of the nematicidal activity between the B. lhu-
ringiensis isolates tested : the nematicidal activity of iso-
late 18247 was on the one hand the least sensitive to
heating but on the other hand the only one which was
decreased foUowing multiple freezing and thawing; only
the nematicidal activity of isolate 289A was not stable
after storage at 24 oC for 7 days. Finally, pH changes
resulted in differences in stability of the nematicidal ac-
tivity between ail B. thuringiensis isolates tested. Effects
oftemperature and multiple freezing and thawing on the
stability of the nematicidal activity of B. t. kurslaki
against 1st-, 2nd- and 3rd-stage juveniles of T. colubri-
f01mis were reported by Meadows el al. (1989 a). As in
our experiments, autoclavation destroyed the nematici-
dal activity of B. 1. kurstaki while it remained unchanged
when frozen at 0 oC for 3 months but was lost when held
at 22 oC for 2 weeks. The effect of temperature on the
stability of the nematicidal activity of B. 1. israelensis
against 1st-stage juveniles of T. colubriformis is unclear :
heating at 100 oC for 1 h only slightly reduced the toxic-
ity while autoclaving destroyed it (Bone el al., 1988).
Loss of the nematicidal activity of B. t. israelensis against
juveniles and adults of T. aceli when held at 22-24 oC for
10 days was reported by Meadows et al. (1990).
In our experiments, the mortality levels of juvenile
and adult C. elegans increased with increased particle
concentrations while the highest mortality levels were
obtained within 24 hours. Similar results were reported
on the nematicidal activity of B.t. israelensis against Ist-
stage juveniles of T. colubnformis (Bone et al., 1988).
Fundam. appl. NemaLOI.
However, in our experiments, the nematode mortaliry
never reached 100 %. In contrast, ail lst-stage juveniles
of T. colubnfonnis were killed when exposed to the high-
est toxin levels produced by B. 1. israelensis. Preliminary
observations indicate a differential susceptibility be-
tween the various juvenile and adult stages of C. elegans
for the nematicidal activiry of the B. lhuringiensis iso-
lates. The mortaliry levels of juvenile and adult T. aceli
also increased with increased toxin levels produced by
B. t. israelensis but the highest mortaliry levels were ob-
served after 10 days of exposure (Meadows el al., 1990).
In contrast with C. elegans and T. colubrifonnis, only a
decrease in population growth of T. aceli was observed,
not a reduction of the population.
Since in our experiments mixtures of spores and crys-
tais were used, the source of the nematicidal activiry is
unknown. In most previous studies, crystal-rich frac-
tions were used and the observed ovicidal activiry was
attributed to a crystal toxin (Bottjer et al., 1985; Bone el
al., 1985; Meadows el al., 1989 a, 1990). Although in
those studies the role of a o-endotoxin could not be
confirmed, o-endotoxins are considered to be the origin
of the nematicidal activiry (Narva el al., 1991).
Acknowledgements
The authors wish to thank Marrux Peferoen (Plant Genetic
Systems N.V.) for critical reading of the manuscript. This
research was supported by a grant and a predoctoral fellowship
(to G.B.) from the " Instiruut ter Aanmoediging van het We-
tenschappelijk Onderzoek in Nijverheid en Landbouw ".
References
BARNES, A. C. & EDWARDS, D. L. (1989). Cellular encapsu-
lation of biologicals for animal and human use. United States
Patent 4, 861, 595.
BONE, L. W. (1989). Activity of commercial Bacillus thu-
n'ngiensis preparations against Tn'chostrongy/us colubriformis
and Nippostrongylus brasiliensis. J. Inverl. Palho!., 53 ; 276-
277.
BONE, L. W., BOTTlER, K. P. & GILL, S. S. (1985). Trichos-
trongylus colubriformis .' egg lethality due to BaCll/us thun'n-
giensis crystal toxin. Exp. Parasit., 60 : 314-322.
BONE, L. W., BOTTlER, K. P. & GILL, S. S. (1986). Trichos-
lrongylus colubriformis .' isolation and characterization of ovi-
cidal activity from Bacillus lhuringiensis israelensis. Exp. Par-
asit., 62 : 247-253.
BONE, L. W., BOTTlER, K. P. & GILL, S. S. (1987). Alteration
of Trichostrongy/us colubriformis egg permeability by Bacillus
lhuringiensis israe/ensis toxin. J. Parasit., 73 : 295-299.
BONE, L. W., BOTTlER, K. P. & GILL, S. S. (1988). Factors
affecting the larvicidal activity of Bacillus lhuringiensis is-
raelensis toxin for Trichaslrongylus colubriformis (Nematoda).
J. Inverl. Palho!., 52: 102-107.
BONE, L. W. & COLES, G. C. (1987). Lethal synergism be-
tween benzimidazoles and Bacillus lhuringiensis israelensis
toxin for Trichoslrongy/us colubriformis eggs. J. Parasit., 73 :
1059-1060.
Vol. 18, n' 3 - 1995
Nematicidal activity of Bacillus thuringiensis
BOTTlER, K. P. & BONE, L. W. (1987). Changes in morpho-
logy of Trichastrongylus colubriformis eggs and juveniles
caused by Bacillus thuringiensis israelensis. J. NemalOl., 19;
282-286.
BOTTjER, K. P., BONE, L. W. & GILL, S. S. (1985). Nemato-
da : susceptibility of the egg to Bacillus thuringiensis toxins.
Exp. Parasit., 60 ; 239-244.
CIORDlA, H. & BIZZELL, W. E. (1961). A preliminary report
on the effects of Bacillus lhun'ngiensis var. thuringiensis Ber-
liner on the development of the free-living stages of sorne
cattle nematodes. J. Parasit., 47; 41 [Abstr.].
EDWARDS, D. L., PAYNE ]. & SOARES, G. G.(1989). Novel
isolates of Bacillus lhuringiensis having activity against nema-
todes. European Patent Applicalion 88307309.0.
FEITELSON,]. S., PAYNE,]. & K1M, L. (1992). Bacillus lhu-
n·ngiensis.' insects and beyond. Bio/Techno!., 10: 271-275.
GEVREY,]. & EUZEBY,]. (1966). Pouvoir inhibiteur de l'exo-
toxine de BaCll/us lhuringiensis Berliner var. lhuringiensis à
l'encontre des formes préimaginales des strongles digestifs:
étude in vitro. Bull. Soc. vel. med. comp. Lyon, 68 ; 111-119.
IGNOFFO, C. M. & DROPKlN, V. H. (1977). Deleterious ef-
fects of the thermostable toxin of Bacillus lhuringiensis on
species of soil-inhabiting, myceliophagus, and plant-parasit-
ic nematodes. J. Kansas ent. Soc., 50 : 394-398.
KR.iEG, A. (1971). Concerning alpha-exotoxin produced by
vegetative cells of Bacillus lhuringiensis and Bacillus cereus. J.
Inverl. Pal/IO/., 17: 134-135.
LAMBERT, B. & PEFEROEN, M.( 1992). Insecticidal promise of
Bacillus lhuringiensis. Bioscience, 42 : 112-122.
LUTHY, P., EBERSOLD, H.-R., CORDIER,]. L. & FISCHER, H.
M. (1985). Insecticidal metabolites of spore-forming bacilli.
In.' Dring, G. J., Ellar, D.]. & Gould, G. W. (Eds). Funda-
mental and app/ied aspecls ofbaclerial spores. New York, Aca-
demie Press; 475-484.
MEADOWS, J., GILL, S. S. & BONE, L. W. (1989 a). Factors
influencing lethality of Bacillus lhuringiensis kurSlaki toxin
for eggs and larvae of Trichoslrongylus colubnformis (Nema-
toda). J. Parasit., 75 ; 191-194.
MEADOWS, J., GILL, S. S. & BONE, L. W. (1989 b). Lethality
of BaCll/us lhun'ngiensis morrisoni for eggs of TricflOslrongylus
colubriformis (Nematoda). Inverl. Reprod. & Deve!., 15; 159-
161.
MEADOWS, J., GILL, S. S. & BONE, L. W. (1990). Bacillus
lhuringiensis strains affect population growth of the free-
living nematode Turbalrix aceli. Inverl. Reprod. & Deve/., 17 :
73-76.
NARVA, K. E., PAYNE, J., SCHWAB, G. E., HICKLE, L. A.,
GALASAN, T. & SlCK, A. ]. (1991). Novel Bacillus lhu-
n'ngiensis microbes active against nematodes, and genes en-
coding novel nematode-active toxins cloned from Bacillus
lhuringiensis isolates. European Palenl Applicalion
91305047.2.
217
F. Leyns et al.
NOËL, G. R. (1990). Evaluation of Thuringiensin for conrrol
of Helerodera glycines on soybean. Suppl., J. Nemawl., 22
(4S) : 763-766.
OMAN, G. Y., SALEM, F. M. & GHATTAS, A. (1988). Bio-
efficacy of rwo bacterial insecticide srrains of Bacillus lhu-
ringiensis as a biological conrrol agent in comparison with a
nematicide, Nemacur, on certain parasitic Nematoda. Anz.
Schiidlingsk. PjlSchulz UmwSchulZ, 61 : 35-37.
PRASAD, S. S. S. V., TtLAK, K V. B. R. & GOLLAKOTA, KG.
(1972). Role of Bacillus lhuringiensis var. lhuringiensis on the
larval survivability and egg hatching of Meloidogyne spp., the
218
causative agent of root-knot disease. J. Inverl. Palhol., 19 :
377-378.
SEBESTA, K, FARKAs,J, HORSKA, K & VANKOVA,]. (1981).
Thuringiensin, the beta-exotoxin of Bacillus lhuringiensis.
In.' Burges, H. D. (Ed.). Microbial conerol of peSlS and plane
diseases. New York, Academie Press: 279-281.
WHARTON, D. A. & BONE, L. W. (1989). Bacillus lhuringiensis
israelensis roxin affects egg-shell ulrrasrructure of Trichos-
lrongylus colubnformis (Nematoda). InvITl. Reprod. & Devel.,
15: 155-158.
Fundam. appl. Nemalol.
